Calcium influx through NMDA receptors and voltagedependent calcium channels (VDCC) mediates an array of physiological processes in neurons and may also contribute to neuronal degeneration and death in neurodegenerative conditions such as stroke and severe epileptic seizures. Gelsolin is a Ca 2ϩ -activated actin-severing protein that is expressed in neurons, wherein it may mediate motility responses to Ca 2ϩ influx. Primary hippocampal neurons cultured from mice lacking gelsolin exhibited decreased actin filament depolymerization and enhanced Ca 2ϩ influx after exposure to glutamate. Whole-cell patch-clamp analyses showed that currents through NMDA receptors and VDCC were enhanced in hippocampal neurons lacking gelsolin, as a result of decreased current rundown; kainate-induced currents were similar in neurons containing and lacking gelsolin. Vulnerability of cultured hippocampal neurons to glutamate toxicity was greater in cells lacking gelsolin. Seizure-induced damage to hippocampal pyramidal neurons was exacerbated in adult gelsolin-deficient mice. These findings identify novel roles for gelsolin in controlling actinmediated feedback regulation of Ca 2ϩ influx and in neuronal injury responses. The data further suggest roles for gelsolin and the actin cytoskeleton in both physiological and pathophysiological events that involve activation of NMDA receptors and VDCC.
Calcium influx through NMDA receptors and voltagedependent calcium channels (VDCC) mediates an array of physiological processes in neurons and may also contribute to neuronal degeneration and death in neurodegenerative conditions such as stroke and severe epileptic seizures. Gelsolin is a Ca 2ϩ -activated actin-severing protein that is expressed in neurons, wherein it may mediate motility responses to Ca 2ϩ influx. Primary hippocampal neurons cultured from mice lacking gelsolin exhibited decreased actin filament depolymerization and enhanced Ca 2ϩ influx after exposure to glutamate. Whole-cell patch-clamp analyses showed that currents through NMDA receptors and VDCC were enhanced in hippocampal neurons lacking gelsolin, as a result of decreased current rundown; kainate-induced currents were similar in neurons containing and lacking gelsolin. Vulnerability of cultured hippocampal neurons to glutamate toxicity was greater in cells lacking gelsolin. Seizure-induced damage to hippocampal pyramidal neurons was exacerbated in adult gelsolin-deficient mice. These findings identify novel roles for gelsolin in controlling actinmediated feedback regulation of Ca 2ϩ influx and in neuronal injury responses. The data further suggest roles for gelsolin and the actin cytoskeleton in both physiological and pathophysiological events that involve activation of NMDA receptors and VDCC.
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The calcium ion is a key regulator of a variety of physiological processes in many different cell types, including neurons, in which it controls neurotransmitter release, synaptic plasticity, and growth cone motility (Augustine et al., 1987; Kater et al., 1988; Kennedy, 1989; Miller et al., 1989) . Actions of Ca 2ϩ on the polymerization state of microfilaments play important roles in regulating cell motility and vesicle trafficking in each of the just-mentioned processes (Cramer et al., 1994; Neely and Gesemann, 1994 ] i ) mediate local modulation of the cytoskeleton, sustained elevations of [C a 2ϩ ] i are potentially toxic and lead to disruption of cytoskeletal components including actin filaments (Orrenius et al., 1992; Neely and Gesemann, 1994; Furukawa et al., 1995) . Indeed, C a 2ϩ is implicated as an effector of neurodegeneration and death in disorders ranging from cerebral ischemia to epileptic seizures to Alzheimer's disease (Mattson et al., 1993a; Wasterlain et al., 1993; Choi, 1995) . Recent findings suggest that, in addition to their roles in regulating cell structure and motility, actin filaments may f unction in the modulation of ion channel f unction. The evidence is based on pharmacological data showing that the actin filament-disrupting agent cytochalasin D can alter ion flux through Na ϩ channels (C antiello et al., 1991; Undrovinas et al., 1995; Berdiev et al., 1996) , voltage-dependent calcium channels (VDCC) (Johnson and Byerly, 1993) , and NMDA receptor channels (Rosenmund and Westbrook, 1993) . Whether actin normally plays roles in regulating Ca 2ϩ influx in physiological and pathophysiological settings is unknown.
The actin cytoskeleton has been most intensively studied in relation to its central roles in modulating cell motility and secretion (Bernstein and Bamburg, 1989; Lee et al., 1993; Sobue, 1993; Condeelis, 1994 ). An array of proteins that bind actin has been identified (for review, see Hartwig and Kwiatkowski, 1991) . One broad class of proteins with F-actin binding and severing activity includes gelsolin (Yin and Stossel, 1979; Yin et al., 1981a) , villin (Bretscher and Weber, 1980) , and adseverin (Maekawa et al., 1989) . Another class of actin-binding proteins that bind actin monomers and exhibit relatively weak actin-severing activity includes actin-depolymerizing factor (Bamburg et al., 1980; Morgan et al., 1993) and cofilin (Yonezawa et al., 1985) . Gelsolin is a 93 kDa cytosolic protein that severs actin filaments when it is activated by Ca 2ϩ ; after cleaving actin filaments, gelsolin remains tightly bound to the actin filament barbed end (Yin et al., 1981b; Cooper et al., 1987; Janmey and Stossel, 1987) . Gelsolin is widely expressed in mammalian tissues including the nervous system (Kwiatkowski et al., 1988a,b) ; in the developing nervous system gelsolin is particularly concentrated in neuronal growth cones (Tanaka et al., 1993) . Previous studies have shown that Ca 2ϩ influx, including that induced by membrane depolarization, can induce actin depolymerization in neurons (Bernstein and Bamburg, 1985; Furukawa et al., 1995) , a process that likely involves gelsolin activity. We recently generated mice genetically deficient in gelsolin and documented enhanced stress fiber formation and altered motility in fibroblasts from these mice (Witke et al., 1995) . In the present study we used gelsolin knock-out mice to test the hypothesis that, by inducing actin depolymerization, gelsolin serves as an endogenous modulator of C a 2ϩ influx through NMDA receptors and V DCC in hippocampal neurons and thereby protects neurons against excitotoxic C a 2ϩ overload.
MATERIALS AND METHODS
Gelsolin k nock-out mice. Methods for generation of mice lacking gelsolin (GϪ/Ϫ) were described previously (Witke et al., 1995) . The GϪ/Ϫ mice exhibit no overt phenotype and reproduce normally but exhibit several alterations in rapid motility and structure of platelets, leukocytes, and fibroblasts. Preliminary studies revealed no alterations in brain size or gross or microscopic histological features in Nissl-stained brain sections of GϪ/Ϫ mice. All experiments were performed using littermates from Gϩ/Ϫ ϫ Gϩ/Ϫ crosses in a mixed Sv129 -BAL B/c background.
Hippocampal cell cultures and anal ysis of neuronal survival. Hippocampal cell cultures were established from 16-d-old embryos using methods essentially identical to those used in our previous studies (Mattson et al., 1988a; Bruce et al., 1996) . Hippocampi from each embryo were dissociated by trypsinization and trituration and plated into culture dishes; DNA from the body of each embryo was isolated and used for PCRbased genotyping. Each embryo and the hippocampal cultures from that embryo were given an identification number; experiments were performed without knowledge of genotype, and the code was broken after the experiments. C ells were grown in polyethyleneimine-coated plastic or glass bottom 35 mm culture dishes containing Eagle's Minimum Essential Medium supplemented with 10% (v/ v) heat-inactivated fetal bovine serum (Life Technologies, Gaithersburg, MD), 20 mM KC l, and 1 mM pyruvate. The atmosphere consisted of 6% C O 2 /94% room air and was maintained near saturation with water. E xperiments were performed in cultures that had been maintained for 8 -10 d. Glutamate (Sigma, St. L ouis, MO) was prepared as a 200ϫ stock in saline. Neuronal survival was quantified as described previously (Mattson et al., 1989; Furukawa et al., 1995) . Briefly, viable neurons in premarked microscope fields (10ϫ objective) were counted before and 24 hr after exposure to vehicle or glutamate. Neuronal viability was assessed by morphological criteria; cells with intact neurites of uniform diameter and a soma with a smooth round appearance were considered viable, whereas neurons with fragmented neurites and a vacuolated or swollen soma were considered nonviable. Analyses were done without knowledge of the treatment history of the cultures. In previous studies of similar hippocampal cultures we found that glutamate induces concentration-dependent (5-200 M) death of neurons (Mattson et al., 1989) , and that cytochalasin D was effective in protecting against cell death across the glutamate concentration range (Furukawa et al., 1995) . For most of the experiments in the present study, we therefore used a glutamate concentration of 100 M.
Phalloidin staining, immunoc ytochemistr y, and Western blot anal yses. Methods for phalloidin staining and immunocytochemistry are detailed in our previous studies (Furukawa et al., 1995; Mattson et al., 1997) . Briefly, cells were fixed for 30 min in a solution of 4% paraformaldehyde in PBS, and membranes were permeabilized by incubation for 5 min in a solution of 0.2% Triton X-100 in PBS. For phalloidin staining cells were incubated for 30 min in PBS containing 0.005 U/ml fluorescein -phalloidin (Molecular Probes, Eugene, OR) and washed three times with PBS, and an antifade solution containing 100 M propyl gallate was added. Images of phalloidin fluorescence were acquired using a confocal laser scanning microscope with a 60ϫ oil immersion objective. For immunostaining, cultures were preincubated 10 min in blocking serum (normal horse serum; 15 l /ml PBS), primary anti-gelsolin antibody (mouse monoclonal generated against a C -terminal domain of human gelsolin; Transduction Laboratories, Lexington, K Y) was added to a final dilution of 1:1000, and cells were incubated overnight at 4°C. C ells were then sequentially incubated in solutions of PBS containing biotinylated antimouse secondary antibody, avidin -peroxidase complex, and diaminobenzidine (Vector Laboratories, Burlingame, CA) according to the manufacturer's protocol. Photographs of phase-contrast and bright-field images of immunostained cells were taken using a 40ϫ objective. For Western blot analyses, proteins were separated by SDS-PAGE, transferred to a nitrocellulose sheet, and immunoreacted with primary antibody. The blots were f urther processed using HRP-conjugated secondary antibody and a chemiluminescence detection method (Amersham, Arlington Heights, IL). Primary antibodies included anti-gelsolin (1:2000 dilution), mouse monoclonal antibody against ␣-actin (Sigma; 1:500 dilution), and chicken polyclonal antibody against human cofilin (1:700) that was generated in the laboratory of one of the authors (D.J.K .).
Electrophysiolog ical anal yses and calcium imag ing methods.
Wholecell patch clamp analyses of currents through NMDA receptors and V DCC were performed using a patch-clamp amplifier (Axopatch-1D) and methods similar to those described previously (Hamill et al., 1983; Furukawa et al., 1996) . The ionic composition of the external solution for voltage-dependent calcium currents was (in mM): 145 NaC l, 5 C sC l, 8 C aC l 2 , 10 glucose, 10 H EPES, and 0.0003 tetrodotoxin, pH 7.4. The external solution used for recording NMDA-and kainateinduced currents was (in mM): 150 NaC l, 5 KC l, 2 C aC l 2 , 10 glucose, 10 H EPES, and 0.01 glycine, pH 7.4. The internal solution for all experiments consisted of (in mM): 90 N-methyl-D-glucamine, 30 C sC l, 20 tetraethylammonium chloride, 4 MgATP, 10 EGTA, and 10 H EPES pH 7.2. Intracellular free C a 2ϩ levels were quantified by ratiometric imaging of the fluorescent calcium indicator dye f ura-2 (Molecular Probes) as described previously . Briefly, cells were loaded with the acetoxymethylester form of f ura-2 (30 min incubation in the presence of 10 M f ura-2) and imaged using a Z eiss AttoFluor system with a 40ϫ oil objective. The average [C a 2ϩ ] i in individual neuronal cell bodies was determined from the ratio of the fluorescence emissions obtained using two different excitation wavelengths (334 and 380 nm). The system was calibrated using solutions containing either no C a 2ϩ or a saturating level of C a 2ϩ (1 mM) using the formula:
Kainate administration and quantification of neuronal injur y in vivo.
These methods were essentially identical to those used previously Smith-Swintosky et al., 1996) . Briefly, K A (0.3 g in a volume of 0.5 l) was injected unilaterally into dorsal hippocampus (dorsoventral, Ϫ2.0; mediolateral, ϩ2.4; anteroposterior, Ϫ0.8 from bregma) of anesthetized mice. All mice administered K A exhibited seizures within the first hour after injection. Mice were killed 24 hr later and perf used transcardially with 4% paraformaldehyde. Coronal brain sections (30 M) were cut on a freezing microtome and used for Nissl staining and immunohistochemistry. Nissl-positive undamaged neurons were counted in hippocampal regions CA1, CA3, and CA4/ hilus (counts were made in four sections per brain). C ell counts were performed without knowledge of the genotype of the mice.
RESULTS

Reduced actin depolymerization in response to calcium influx in hippocampal neurons lacking gelsolin
Primary cultures of hippocampal neurons were established from embryos of mice lacking gelsolin (GϪ/Ϫ) and their heterozygous (Gϩ/Ϫ) and wild-type (Gϩ/ϩ) littermates. Western blot analysis verified lack of gelsolin in GϪ/Ϫ mice and indicated a reduction in gelsolin levels in Gϩ/Ϫ mice compared with wild-type littermates (Fig. 1 A) . Immunocytochemistry of cultured embryonic hippocampal neurons showed gelsolin immunoreactivity in the neurites and cell bodies of Gϩ/ϩ mice; no gelsolin immunoreactivity was present in GϪ/Ϫ neurons in culture (Fig. 1 B) . The gelsolin appeared to be concentrated in the margins of neuronal somata ( Fig. 1 B, arrows) , suggesting association with the plasma membrane. Exposure of Gϩ/ϩ hippocampal cultures to glutamate resulted in a decrease in the level of filamentous actin as assessed by confocal laser scanning microscope analysis of cells stained with fluorescent phalloidin (Fig. 2) ; the actin depolymerization induced by glutamate resulted from Ca 2ϩ influx, because it did not occur in Gϩ/ϩ neurons incubated in medium lacking Ca 2ϩ (data not shown). In contrast, glutamate did not affect levels of phalloidin fluorescence in GϪ/Ϫ neurons (Fig. 2) . Examination of the time course of the glutamate-induced decrease in phalloidin fluorescence in Gϩ/ϩ neurons indicated that actin depolymerization occurred within 10 min of exposure to glutamate (Fig. 2C) .
The absence of overt alterations in brain development of GϪ/Ϫ mice, and the normal appearance of GϪ/Ϫ hippocampal neurons in culture suggested the possibility that there may be compensatory changes in the levels of other actin-binding proteins such as those in the actin-depolymerizing factor (ADF)-cofilin family (Bamburg et al., 1980; Hayden et al., 1993; Abe et al., 1996; Lappalainen and Drubin, 1997) , or in levels of actin itself, in the GϪ/Ϫ mice. Moreover, actin-binding proteins in the ADF-cofilin family can inhibit binding of phalloidin to actin. To address the possibility that compensatory responses influenced the outcomes of our measurements, we performed immunoblot analyses of levels of actin and cofilin in brain tissue homogenates from Gϩ/ϩ, Gϩ/Ϫ, and GϪ/Ϫ mice. Levels of actin were similar in brain tissue from mice of each genotype, and levels of cofilin were also unaffected by the absence of gelsolin (Fig. 3) .
Glutamate-induced calcium influx is enhanced in hippocampal neurons lacking gelsolin
Imaging of the calcium indicator dye f ura-2 was used to compare [Ca 2ϩ ] i responses to glutamate in Gϩ/ϩ, Gϩ/Ϫ, and GϪ/Ϫ neurons (Fig. 4) . The basal [C a 2ϩ ] i was essentially identical in neurons of all three gelsolin genotypes (ϳ120 nM). In Gϩ/ϩ neurons glutamate induced a rapid elevation of [C a 2ϩ ] i to ϳ520 nM, which then recovered to ϳ300 nM during the subsequent 5-8 min of exposure (Fig. 4 A) . Gϩ/Ϫ and GϪ/Ϫ neurons also showed a rapid rise in [C a 2ϩ ] i to levels similar to those seen in Gϩ/ϩ neurons. However, in contrast to Gϩ/ϩ neurons, the [Ca 2ϩ ] i in GϪ/Ϫ neurons remained at ϳ600 nM and did not recover (Fig.  4 A,B) . The [C a 2ϩ ] i in Gϩ/Ϫ neurons exposed to glutamate recovered to a level significantly lower than in GϪ/Ϫ neurons but higher than that of Gϩ/ϩ neurons. Note that actin depolymerization was largely suppressed in GϪ/Ϫ neurons (Fig. 2) despite a large elevation of [Ca 2ϩ ] i . The greater elevation of [Ca 2ϩ ] i in GϪ/Ϫ neurons after exposure to glutamate was observed across a range of glutamate concentrations from 5 to 200 M (data not shown). When GϪ/Ϫ neurons were pretreated with the actindepolymerizing agent cytochalasin D before exposure to glutamate, the [Ca 2ϩ ] i recovery response was similar to that observed in Gϩ/ϩ neurons (Fig. 4 B) , indicating that actin depolymerization was sufficient to account for the different [Ca 2ϩ ] i responses of neurons containing or lacking gelsolin.
Reduced rundown of voltage-dependent calcium current and NMDA current in gelsolin-deficient hippocampal neurons
Whole-cell patch-clamp analyses of voltage-dependent Ca 2ϩ currents showed that both Gϩ/ϩ and GϪ/Ϫ neurons exhibited currents of similar magnitude (Fig. 5A) . However, when the time courses of change in current amplitude were examined by applying a depolarizing step pulse every 10 sec for 400 sec, the GϪ/Ϫ neurons exhibited reduced current rundown compared with Gϩ/ϩ neurons; the difference was highly significant (Fig. 5A) . The rate of rundown of current through VDCC in Gϩ/Ϫ neurons Figure 1 . Characterization of gelsolin expression in brain and dissociated hippocampal cell cultures from wildtype and gelsolin knock-out mice. A, Proteins in hippocampal tissue homogenates from Gϩ/ϩ, Gϩ/Ϫ, and GϪ/Ϫ mice (100 g each) were subjected to electrophoresis and Western blot analysis with gelsolin antibody. B, Cultures of hippocampal cells from Gϩ/ϩ and GϪ/Ϫ mice (9 d in culture) were immunostained with gelsolin antibody. Note immunoreactivity in cell bodies (e.g., arrows) and neurites of neurons from Gϩ/ϩ (wild-type) mice and lack of immunoreactivity in neurons from GϪ/Ϫ mice.
was intermediate to that of Gϩ/ϩ and GϪ/Ϫ neurons. NMDAinduced currents also showed more attenuated rundown in GϪ/Ϫ neurons compared with Gϩ/ϩ neurons when the currents were recorded every 2 min for 30 min; rundown rate of NMDA currents in Gϩ/Ϫ neurons was intermediate to that of Gϩ/ϩ and GϪ/Ϫ neurons (Fig. 5B) . In contrast, kainate-induced currents were not different in Gϩ/ϩ, Gϩ/Ϫ, and GϪ/Ϫ neurons (Fig. 5C ). As expected from previous studies (Johnson and Byerly, 1993; Rosenmund and Westbrook, 1993) , cytochalasin D accelerated the rate of rundown of currents through both V DCC and NMDA receptors but did not affect kainate-induced currents (data not shown). When taken together with the calcium imaging data, our patch-clamp data indicate that, by inducing actin depolymerization, gelsolin acts to suppress C a 2ϩ influx through VDCC and NMDA receptors.
Hippocampal neurons lacking gelsolin exhibit increased vulnerability to excitotoxicity
Excitotoxic neuronal death is mediated largely by Ca 2ϩ influx through NMDA receptors and V DCC (Choi, 1995) . We found that primary cultured hippocampal neurons from embryos lacking gelsolin are much more vulnerable to glutamate toxicity than are Gϩ/ϩ neurons, and that Gϩ/Ϫ neurons exhibit a level of vulnerability to excititoxicity intermediate to those of Gϩ/ϩ and GϪ/Ϫ neurons (Fig. 6 A) . Vulnerability of hippocampal neurons to excitotoxicity in vivo was examined using a model of seizureinduced injury in which KA is injected into the dorsal hippocampus Smith-Swintosky et al., 1996) . KA primarily damages CA3 and CA4/hilus neurons, but it has little or no effect on CA1 neurons. The dose of KA used (0.3 g) caused moderate damage to CA3 and CA4/hilus neurons, and no damage to CA1 neurons, in Gϩ/ϩ mice (Fig. 6 A,B) . Significantly more neurons in CA3 and CA4/hilus were damaged by KA in GϪ/Ϫ mice compared with Gϩ/ϩ mice; neuronal damage in Gϩ/Ϫ mice was intermediate to that of Gϩ/ϩ and GϪ/Ϫ mice. Moreover, a significant number of CA1 neurons were damaged by KA in GϪ/Ϫ mice, in contrast to Gϩ/ϩ and Gϩ/Ϫ mice (Fig. 6 B) .
DISCUSSION
Calcium influx induced by a variety of stimuli, including membrane depolarization and activation of glutamate receptors, can induce actin depolymerization in neurons (Bernstein and Bamburg, 1985; Neely and Gesemann, 1994; Neely et al., 1995) . The relative lack of actin depolymerization after exposure to glutamate in cultured hippocampal neurons lacking gelsolin suggests a major role for gelsolin in calcium-induced actin depolymerization in neurons. Previous studies have shown that gelsolin is also the major calcium-activated actin-severing protein involved in regulation of motility and other processes in some types of non- neuronal cells, including platelets, macrophages, and fibroblasts (for review, see Hartwig and Kwiatkowski, 1991) . We found that gelsolin immunoreactivity was present in cell bodies and neurites of the cultured embryonic hippocampal neurons. Previous studies of similar cultures have shown that these neuronal compartments contain actin filaments associated with the plasma membrane (Fifkova, 1985; Letourneau and Shattuck, 1989) and also contain NMDA receptors (Mattson et al., 1991 (Mattson et al., , 1993b and VDCC (Yaari et al., 1987; Westenbroek et al., 1990) . Thus, gelsolin, its actin filament substrate, and the ion channels modulated by actin polymerization are colocalized in the same cellular compartments, suggesting the possibility of quite localized regulation of NMDA receptors and V DCC by the actin system. Interestingly, previous studies have provided evidence that gelsolin is associated with plasma membrane in platelets and macrophages, suggesting the possibility that gelsolin acts to promote actin depolymerization in subplasmalemma microdomains (Hartwig et al., 1989) . Consistent with the latter possibility, we observed concentrations of gelsolin immunoreactivity in the periphery of neuronal somata, suggesting that gelsolin is also associated with the plasma membrane in neurons.
Several findings in the present study suggest that the alterations in levels of actin depolymerization, ion currents through NMDA receptors and V DCC, and intracellular calcium levels after exposure of GϪ/Ϫ neurons to glutamate were a direct consequence of lack of gelsolin rather than an indirect compensatory response. First, Western blot analysis showed that overall levels of actin and cofilin were essentially identical in Gϩ/ϩ and GϪ/Ϫ neurons. Second, calcium imaging and patch-clamp analyses showed that responses of Gϩ/Ϫ neurons were intermediate to (and significantly different from) responses of Gϩ/ϩ and GϪ/Ϫ neurons; responses of Gϩ/Ϫ neurons might be expected to be similar to Gϩ/ϩ neurons in a developmental compensation scenario. Third, gelsolin is considered a major calcium-activated actindepolymerizing factor; glutamate-induced actin depolymerization in Gϩ/ϩ neurons was mediated by calcium, and the decreased actin depolymerization in GϪ/Ϫ neurons occurred despite a greater elevation of [C a 2ϩ ] i in those neurons. Because there are no obvious alterations in normal brain development and function in the GϪ/Ϫ mice, our data showing altered responses of GϪ/Ϫ neurons to excitotoxic levels of calcium influx suggest that gelsolin serves a particularly important f unction in modulating neuronal calcium homeostasis in pathophysiological conditions such as severe epileptic seizures or cerebral ischemia.
Our calcium imaging data showed that neurons lacking gelsolin exhibit enhanced calcium responses to glutamate. The enhanced response to glutamate was likely the result of decreased actin depolymerization in the GϪ/Ϫ neurons, rather than some other consequence of absence of gelsolin, because the effect was abolished in GϪ/Ϫ neurons treated with the actin-depolymerizing agent cytochalasin D. Previous whole-cell patch-clamp analyses in which actin depolymerization in cultured neurons was induced by pharmacological treatment with cytochalasin D provided evidence that F-actin promotes prolonged opening of NMDA receptor channels (Rosenmund and Westbrook, 1993) and VDCC (Johnson and Byerly, 1993) . Our data indicate that calciuminduced, gelsolin-mediated actin depolymerization resulting from physiological stimuli (membrane depolarization and glutamate) promotes rapid rundown of NMDA current and calcium current. Calcium responses to glutamate in Gϩ/Ϫ hippocampal neurons were intermediate to those of Gϩ/ϩ and GϪ/Ϫ neurons. Similarly, rates of rundown of NMDA and calcium currents in the heterozygotes were intermediate to the wild-type and GϪ/Ϫ Figure 3 . Lack of effect of gelsolin genotype on levels of actin and cofilin. Proteins in brain tissue homogenates from Gϩ/ϩ, Gϩ/Ϫ, and GϪ/Ϫ mice (50 g for the actin blot and 100 g for the cofilin blot) were subjected to SDS-PAGE, transferred to a nitrocellulose sheet, and immunoreacted with either an ␣-actin antibody (lef t) or an antibody against cofilin (right). The ␣-actin immunoreactive band was at ϳ42 kDa, and the cofilin immunoreactive band was at ϳ27 kDa. The cofilin immunoreactive band comigrated with human recombinant cofilin (data not shown). neurons. In contrast to NMDA current, kainate-induced current was not different in Gϩ/ϩ, Gϩ/Ϫ, and GϪ/Ϫ hippocampal neurons, indicating specificity of ion channel regulation by actin.
Although increasing data indicate that actin filaments can influence ion currrents in both non-neuronal cells and neurons, the molecular interactions involved remain to be established. The majority of evidence implicating actin filaments in regulation of ion channel function has come from studies that used cytochalasins. For example, cytochalasin D: decreased sodium current in myocardial cells (Undrovinas et al., 1995) ; increased the activity of sodium channels in human myeloid leukemia cells (Negulyaev et al., 1996) ; and enhanced activity of rat epithelial sodium current was recorded in Gϩ/ϩ and GϪ/Ϫ hippocampal neurons at 10 sec intervals. Top, Representative current recordings taken from a Gϩ/ϩ neuron and a GϪ/Ϫ neuron at the onset of the experiment and 400 sec later. Bottom, Data from recordings of whole-cell Ca 2ϩ currents in Gϩ/ϩ, Gϩ/Ϫ, and GϪ/Ϫ neurons. Values are the Ϯ SEM of determinations made in six to eight neurons. The difference in rate of current rundown was significantly less in the GϪ/Ϫ neurons compared with the Gϩ/ϩ neurons ( p Ͻ 0.001 by ANOVA). B, NMDA-induced current was recorded in Gϩ/ϩ and GϪ/Ϫ hippocampal neurons at 2 min intervals. Top, Representative current recordings taken from a Gϩ/ϩ neuron and a GϪ/Ϫ neuron at the onset of the experiment and 30 min later. Bottom, Data from recordings of whole-cell NMDA-induced currents in Gϩ/ϩ, Gϩ/Ϫ, and GϪ/Ϫ neurons. Values are the mean Ϯ SEM of determinations made in six to nine neurons. The difference in rate of current rundown was significantly less in the GϪ/Ϫ neurons compared with the Gϩ/ϩ neurons ( p Ͻ 0.001 by ANOVA). C, Kainate-induced currents were recorded in Gϩ/ϩ and GϪ/Ϫ hippocampal neurons at 2 min intervals. Top, Representative current recordings taken from a Gϩ/ϩ neuron and a GϪ/Ϫ neuron at the onset of the experiment and 30 min later. Bottom, Data from recordings of whole-cell kainate-induced currents in Gϩ/ϩ, Gϩ/Ϫ, and GϪ/Ϫ neurons. Values are the mean Ϯ SEM of determinations made in six to nine neurons. Figure 6 . Hippocampal neurons lacking gelsolin exhibit increased vulnerability to excitotoxicity in cell culture and in vivo. A, Hippocampal cultures from Gϩ/ϩ, Gϩ/Ϫ, and GϪ/Ϫ mice were exposed for 24 hr to saline (Control ) or 100 M glutamate, and neuronal survival was quantified. Values are the mean Ϯ SEM of determinations made in four separate cultures. *p Ͻ 0.05; **p Ͻ 0.01 compared with corresponding value for Gϩ/ϩ cultures (ANOVA with Scheffe's post hoc tests). B, Nissl-stained coronal sections of hippocampi from Gϩ/ϩ and GϪ/Ϫ mice 24 hr after administration of KA into the dorsal hippocampus. The right panels are high-magnification views of the region of CA3 indicated by the arrow in the corresponding low magnification micrograph. Note greater degeneration of CA3 neurons in GϪ/Ϫ compared with Gϩ/ϩ mice. C, Gϩ/ϩ, Gϩ/Ϫ, and GϪ/Ϫ mice received an injection of KA into the dorsal hippocampus and were killed 24 hr later. Numbers of undamaged neurons in regions CA1, CA3, and CA4/ hilus of the injected hippocampus were counted. Additional cell counts were performed in the contralateral uninjected hippocampus (No K A) . Values for mice of each genotype were not different and were therefore pooled. Values are the mean Ϯ SEM of determinations made in six to eight mice. *p Ͻ 0.05; **p Ͻ 0.01 compared with corresponding value for Gϩ/ϩ mice (ANOVA with Scheffe's post hoc tests). channels (C antiello et al., 1991) . Some data suggest that actin may interact directly with ion channels. For example, short actin filaments enhanced sodium channel activity in planar lipid bilayers, and cytochalasin D blocked the effect of the actin filaments (Berdiev et al., 1996) . On the other hand, there are a number of actin-binding proteins that link actin with membranes, and some such proteins (e.g., dystrophin) have been implicated in modulating calcium influx (for review, see Hartwig, 1994 ). It will be of considerable interest to determine whether prominent neuronal membrane-associated actin-binding proteins such as spectrin play a role in actin-dependent modulation of ion currents through NMDA receptor channels and V DCC.
NMDA receptors and V DCC play f undamental roles in neurotransmission and in developmental and synaptic plasticity. For example, activation of V DCC in presynaptic terminals is a key signal for release of neurotransmitter from synaptic vesicles, and calcium-mediated actin depolmerization may play a role in that process (Kato et al., 1996; Viviani et al., 1996; Iga et al., 1997) . Activation of NMDA receptors is involved in regulation of growth cone behaviors and synaptogenesis in visual pathways (Constantine-Paton et al., 1990) and in the hippocampus (Mattson et al., 1988a,b) . C alcium influx through NMDA receptors is also involved in long-term depression and long-term potentiation of synaptic transmission in the hippocampus, forms of synaptic plasticity believed to be central to the processes of learning and memory (Collingridge and Bliss, 1987; Bear and Malenka, 1994) . Our data suggest that actin depolymerization, effected by gelsolin, results in reduced C a 2ϩ influx through V DCC and NMDA receptor channels and may thereby play roles in modulating the kinds of calcium-dependent processes just described. Roles for gelsolin in regulating the responses of growth cones to signals that elevate [C a 2ϩ ] i are suggested from the presence of gelsolin in growth cones of developing neurons (Tanaka et al., 1993) , data demonstrating that calcium and actin regulate growth cone motility (Lankford and Letourneau, 1989; Forscher et al., 1992) , and the established role of gelsolin in mediating motility responses to Ca 2ϩ in non-neuronal cells (Hartwig and Kwiatkowski, 1991 ). However, it should be noted that there are no overt structural or functional alterations in the nervous systems of mice lacking gelsolin, indicating that gelsolin is not required for normal development of the nervous system. Nevertheless, there is ample precedence for more subtle alterations in neuronal physiology resulting from knock-out of certain components of calcium signaling pathways. For example, mice lacking either calcium -calmodulindependent protein kinase II (Silva et al., 1992) or the ␥ subunit of protein kinase C (Abeliovich et al., 1993a,b) exhibit alterations in hippocampal long-term potentiation and spatial learning but, nevertheless, exhibit no structural alterations in the brain and develop and reproduce quite normally. Our data demonstrate clear differences in neuronal calcium signaling and ion channel activity in hippocampal neurons lacking gelsolin; these differences are likely to impact on synaptic plasticity and the associated behaviors subserved by these neurons in vivo.
A striking finding in the present study was that hippocampal neurons lacking gelsolin exhibit increased vulnerability to excitotoxicity, both in cell culture and in vivo. Our data suggest that by promoting actin filament depolymerization and reducing calcium influx through V DCC and NMDA receptors, gelsolin functions to reduce excitotoxic neuronal injury. Moreover, they suggest that gelsolin may have a role in a variety of neurodegenerative conditions that involve excessive C a 2ϩ influx. Based on the present findings, and a previous study showing that cytochalasin D can protect neurons against excitotoxicity (Furukawa et al., 1995) , we propose that gelsolin functions in a feedback pathway that suppresses accumulation of cytotoxic levels of intracellular calcium. Thus, calcium influx activates gelsolin, which, in turn, induces actin filament depolymerization. The loss of F-actin (which normally promotes sustained opening of NMDA receptor channels and VDCC) results in current rundown and reduced calcium influx through NMDA receptors and VDCC. We found that seizure-induced damage to hippocampal neurons is exacerbated in mice lacking gelsolin. It will clearly be of considerable interest to explore further the involvement of gelsolin and the actin cytoskeleton in other neurodegenerative paradigms that involve NMDA receptor activation (e.g., cerebral ischemia and traumatic brain injury). Finally, our data suggest that agents that enhance dynamic changes in the actin filament architecture of neurons may prove effective as therapeutic agents in neurodegenerative conditions such as ischemic stroke, epileptic seizures, and traumatic brain injury.
